The purpose of this paper is to describe investigations on the cultivation of the organism of rat leprosy, Mycobacterium leprae mur;mn, in tissue culture. The first attempt thus to cultivate this organism was made by Zinsser & Carey in I9I2. Since then there have been many other attempts (see Gavrilov, I939; Kudicke & Vollmar, I937; Dharmendra & Lowe, I937; and the review by Lowe, I937) , but it is usually considered that successful cultivation was not achieved.
The present paper deals with the attempt to grow the organism in macropha;ges, and the experiments were undertaken as the result of the suggestion of Dr. R. J. W. Rees of this Institute. Dr. Rees has in the meantime published a short description of successful experiments by another method (Rees & Wong, I958) .* Grateful acknowledgments are due to him for the stimulus of the initial proposal, for supplying the strain or organisms, and for advice about obtaining macrophages from the peritoneum.
Methods
Use was made of the strain of M. leprae mllrium which has been maintained at this Institute for many years. The method of tissue culture employed was similar to that used for cultivating various kinds of intracellular protozoa such as the exoerythrocytic forms of Plasmodium gallin aceum (Hawking, I945. I95I) . Briefly, small Carrel flasks (diameter 3.5 cm.) were used. A thin layer of fowl plasma was spread over the floor and I-4 pieces of cover slip. 0.5 cm. square, were embedded upon it: Small pieces of tissue were mounted on top of the glass slips, being held jn place with a drop of plasma. The fluid medium is described in the text. To examine the growth of the tissue the slips were removed from the flask, fixed, stained with Ziehl-Nielsen haematoxylin and mounted tissue downwards on a slide. In the later experiments the flasks were prepared with one or two pieces of cover slip which, together with the floor. were coated with a thin layer of plasma and embryo extract. Macrophages from the rat's peritoneum were suspended in fluid medium, and 3 m!. of the suspension were added to each flask.
Most of the cultures were incubated at 35°C, but some flasks were kept at 30°C. The cells grew well at this lower temperature and probably survived better than at 35°C, but presumably the growth of the bacilli would also be slower. In the later work the total number of bacilli in a flask was estimated by a method using citric acid as described by Sandford (1954) . The Carrel flask was almost filled with about 12 m!. of 1.8 per cent citric acid. The floor was scraped with a spatula to loosen tissue and p lasma clots and the flask was then shaken at 35°C. for several hours. In some cases, if shreds of tissue were still visible, the fluid was further ground in a tissu6 grinder until a homogeneous suspension was obtained.
The fluid was then made slightly alkaline by adding concentrated caustic soda; unless this is done the bacilli do not take Ziehl-Nielsen stain. Horse serum (I m!.) was added to improve adhesion of bacilli to the slides. Samples of 20 cmm. were with drawn and spread on glass slides inside a square measuring 2.0 cm.
The numbers of bacilli lying within three strips 0.1 mm. wide were counted with an oil immersion objective; and appropriate calcula tions were made to obtain the number in the original suspension.
In some experiments small quantities of mycobactin or of extract of rat leproma were added to certain flasks as 1-3 drops of fluid every time the medium was changed. The mycobactin was a partially purified preparation kindly provided by Dr. G. A. Snow.
For use, 100 mg. was dissolved in I m!. of ethanol with heat and then 60 ml. Ringer solution was quickly added. The resultant A small quantity of this (300 mg.) was re dissolved in 0.5 m!. alcohol, which was then diluted with 40 m!.
Ringer and sterilized by autoclaving. Concentrations of 10 mg. in 100 m!. were well tolerated by the cells. To test whether rthe bacilli in a culture were alive or dead, inoculations were made sub cutaneously into rats. In the case of fluid, the inoculation was made directly, or after concentration by centrifuging. In the case of tissue, the whole piece of cover slip was inserted. If the material contained viable bacilli, lepromatous nodules usually became palpable at the site of inoculation after about 6 months, but all animals were observed for 12 months before being discharged as uninfected.
Results
Various preliminary experiments were made to study the rate of multiplication of the bacilli in vivo, and also their survival out side the body under various conditions. In one experiment, a standard dose of bacilli was injected intravenously into a large gTOUp of rats. After a few days 4 rats were killed and the number of bacilli in the spleen was estimated, and further groups of 4 rats were killed at fortnightly intervals. During th . e of this experiment, the bacillj multiplied at the rate of one division every 9 days, but over a period of 7 weeks they multiplied at the rate of one division every IS days. In a second experiment, bacilli were injected into the testes of rats and the rates of multiplication in the testis was estimated in the same way; over a period of 10 weeks, multiplication proceeded at the rate of one division every 13 days. Accordingly it could not be expected that multiplication in vitro would be quicker than this, and probably it would be much slower.
The number of bacilli required to produce an infection in rats was estimated by making up a suspension of bacilli which was counted in the usual way. Serial dilutions x 1/10 were made and standard quantities were inoculated subcutaneously into groups of 4 rats. The rats which received lOS bacilli showed slight lumps after 3 months, and marked nodules after 4 months; those with 10 4 bacilli showed nodules after 6 months; those with 1 03 or 102 bacilli showed nodules after 6 and 7 months, and those with nominally 10 bacilli all showed definite nodules after 8 months. Clearly a very small number of bacilli is sufficient to initiate an infection, and subcutaneous inoculation into rats is a sensitive test for the presence of viable bacilli.
The resistance of the bacilli to drying was tested by placing a drop of a suspension of bacilli (containing about 300 million bacilli per drop) on each of many small pieces of filter paper 0 . 5 em. square and then storing them individually in open test tubes in a hot room at 35°C . After suitable intervals, the pieces of paper were embedded subcutaneously into rats. Rats which received paper immediately or after drying for 5 hours showed nodules after 4 months; those receiving papers after drying for I day showed nodules after 5-6 months; those receiving papers after drying for 3 or · 8 days showed nodules after 7-II months; and those receiving papers after drying 16 days showed no nodules even after 14 months.
Apparently most of the bacilli are killed by drying for I day, a few resist drying for 8 days and none resist for 16 days.
The survival of bacilli in tissue culture media without living cells was investigated by making suspensions of peritoneal cells and bacilli as described below and incubating the cells in a dense suspen sion for 24 hours so that the cells would be kjlled. The mixture of dead cells and bacilli was then set up in Carrel flasks in the usual way and incubated at 35°C. At suitable intervals fluid from the flasks was injected subcutaneously into pairs of rats. In a few cases fluid which had been incubated for 6 days produced nodules alter 6 months, but in most of the experiments viable bacilli were not found after 6 or more days. The death of the bacilli might have been due to the absence of favourable conditions or to a direct toxic action of the serum in the medium. These results are in contrast to those obtained by proper tissue culture technique.
In other experiments investigations were made on the effect of cortisone (2 mg. per 100 g. s.c. on alternate days for 3 months)
upon the development of nodules in rats. In one experiment the rats which received cortisone developed nodules earlier and larger than the controls without cortisone; in a second experiment, there was no significant difference between the two groups. Other experiments showed that j\1, leprae lIIt1ritlrn can develop in the cotton rat (Sigmodon hispidttJ) but the lesions are much smaller than in ordinary rats.
Early experiments with tissue culture
These were made with small pieces of tissue, approximately I cmm., cut from the edge of lepromata. The fluid medium con sisted of 20 per cent rat serum, 3 per cent embryo extract, 67 per cent Tyrode and a small amount of phenol red . Fluid was changed every 4-5 days. The fibroblasts grew vigorously and many were still healthy after 7 weeks; they contained practically no bacilli and it was concluded that they were not desirable in the cultures. The macrophages were less vigorous, but in some cultures a few survived up to 7 weeks They usually contained great numbers of bacilli, but it was im p ossible to decide from the microscopic appear ances whether these bacilli had multiplied in the cell, or whether they had merely accumulated by ingestion. In addition there were great numbers of bacilli lying extracellularly, presumably liberated by the breakdown of cells. In some experiments implants of clean tissue from the spleen or liver ot baby rats were inserted into flasks containing implants from le p romata . When examined one or more weeks later the colonies growing around the clean implants included macrophages which contained bacilli; but it was impossible to tell from which colony these macrophages had originated. In some experiments baby rats were inoculated intraperitoneally with bacilli, and a week later tissue cultures were made from the surface of the spleen and liver. The cells grew well, and bacilli could be found in them after several weeks, but this type of culture seemed to offer no particular advantage. Inoculations into rats during these experiments showed that the bacilli survived and were still infec tive after the longest period studied (54 days), provided that living cells (macrophages) were also present. In flasks where the implant had failed to grow, bacilli were dead after 24 days, although they were still alive after 7 days.
During these experiments it· became clear that by this tech nique �t would be difficult to show whether successful culture was being achieved, since it was hard to estimate the number of bacilli inserted into a flask at the beginning of an experiment, in order to compare it with the number present at a later date. Accordingly later experiments were made with macrophages obtained from the rat's peritoneum.
Later experiments
Macrophages were obtained from the peritoneum of a rat by a method similar to that described by MacKaness (1952) . Briefly, 10 ml. sterile liquid paraffin was injected intraperitoneally into a large rat. Two or three days later a suspension of bacilli was prepared by grinding down a suitable leproma, mixing with Ringer, centrifuging off the coarse deposit, and taking the supernatant fluid.
About IS ml. of this fluid (plain or diluted) was injected intra peritoneally into the rat which had received paraffin . Two to three days later still the rat was killed and the peritoneum was washed out with cold citrate saline. The washings were centrifuged and the deposit of cells was washed once in dtrate saline and then suspended in nutrient medium. After counting the cells and adding more fluid to obtain a suitable density (8,000 cells per cmm.) , 3 ml. of the fluid was placed �n each Carrel flask. The flasks already contained a thin layer of fowl plasma (plus a little embryo extract to promote clotting) on the floor and one piece of cover sHp for sampling. The flasks were then incubated at 35°C. as usual. The fluid medium used in these later experiments consisted of horse or rat serum 40 per cent, Tyrode's solution 60 per cent, 50-100 units of penicillin per ml., and enough phenol red to give a red colour. The fluid was changed three times a week. Enumeration of the bacilli was performed both by spreading 20 cmm. of the fluid inserted into the flasks on a slide as described above, and also by taking two of the flasks after one day and digesting the total contents with citric acid as described above.
The cells cultivated by this procedure were almost all macro phages. In some flasks fibroblasts did appear and occasionally they became numerous, but in most flasks they remained inconspicuous. The cells initially formed a close covering over the floor of the flask, but after three weeks they were less numerous, although still apparently healthy; and after 4-5 weeks they usually became degenerate and diminished considerably in number. In the later experiments of this series, when it was seen that the cells were diminishing in number and in health, a fresh supply of macro phages, witholtt bacilli, was obtained by the method described above and added to the flask when the nutrient medium was being changed. The new cells seemed to settle down readily on top of the old colony, ingesting any bacilli which might be available in distintegrating cells of the earlier generation . This addition of fresh macrophages can be repeated as often as is desired. One flask was maintained in this way for 4 months with 4 lots of new cells. Provided that there is no infection by bacteria resistant to per missible antibiotics, it seems that a substrate of vigorous macro phages can be maintained indefinitely by this technique. In order ot avoid undue lo s s of the bacilli during changing of the fluid medium, which takes place at an increased rate when the cells are degenerating and disintegrating, it is advisable to insert new cells as soon as the earlier cells show the least sign of diminution. During the maintenance of these cultures the fluid medium was changed three times a week (as said), and on each occasion there is the possibility of losing a smaller or larger number of bacilli. The importance of this factor was not appreciated until the latest period of this work . In one case, in a flask which had been maintained for over 2 months and which probably contained about 3 million bacilli at this time, the loss on each change (as estimated from examination of the fluid removed) was about 100,000 bacilli, i .e. about 3 per cent of the total number present. If the cells are degenerating, or if part of the plasma clot flakes off, the loss can be much greater. During most of this work no notice was taken of this possibility of loss, until one day fragments of fibrinous clot, which had been removed while changing the fluids from two flasks, were examined and were found to contain dense masses of bacilli.
After various preliminary trials an experiment consisting of 29 flasks was set up, 19 with horse serum and 10 with rat serum. Two flasks were sacrificed after one day and showed that there were 270 million bacilli per flask present. Forty-two days later a small float ing piece of fibrin, which had been removed from one of the flasks (166) during changing, was examined and it was found to contain enormous numbers of bacilli. This flask and two others were then terminated for examination by removal of the cover slip for micro scopical inspection and by digesting the remaining contents with citric acid. One of these flasks (169, which had received leproma extract) was found to contain 354 million bacilli, plus a clot con taining dense masses of bacilli; no new cells had been added to this flask. The second (II6, which had received mycobactin) contained 210 million bacilli, plus a clot which contained enormous numbers of bacilli, mostly still inside cells. The third (161) contained 132 million bacilli, plus a big clot with large masses of bacilli. Since these flasks initially contained only 270 million bacilli and since a large but unmeasurable number of bacilli were known to have been lost during changing, it was considered that multiplication of the bacilli had occurred certainly in flask 169 and most probably ..
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Bacilli illlmge cell, after culTivatioll for 44 days (flask 161). in the others also. The microscopic appearances on the cover slip (described below) also supported this interpretation. At this point circumstances necessitClited the termination of the work, and the existing cultures were killed for ex,amination. Among the flasks which were thus terminated 52 days after the start, one flask (168, which had received leproma extract) contained 550 million bacilli, which was twice the number initially present; also many bacilli had presumably been lost during the 23 changes of fluid medium. Other flasks contained 235, 212, 214 million and similar numbers . All these flasks had been set up with horse serum. One flask which bad been set up with rat serum contained 280 million; apparently the use of rat serum (instead of horse serum) is not sufficiently advantageous to outweigh the greater trouble of collection. On the other hand, 3 of the 4 flasks which received leproma extract had higher counts than , those which did not, and all of the 4 flasks which received mycobactin had high counts; there fore the presence of these two substances probably promoted the multiplication of the bacilli, but it was not essential since· other flasks which did not receive them also yielded high' counts. Similarly the addition of new cells, although highly advantageous in most cases, is not essential, since flask 169 (mentioned above) showed clear evidence of multiplication although no new cells had been added.
On microscopic examination of the slips removed from the flasks, most of the cells were found to be macrophages. Giant cells with several nuclei occurred fairly frequently; fibroblasts were sometimes present in small numbers . The macrophages and giant cells contained varying numbers of bacilli; in some cultures and some areas the cells were distended by great masses of them . The bacilli appeared healthy. Unless the cells were degenerating (or unless they had been broken by making a smear) all the bacjlli were found inside the cells. In some places the plasma clot was much thicker than elsewhere, e.g. the original layer of plasma clot had become folded over; in other places the macropbages had invaded the plasma clot underneath the cover slip, between the slip and the floor of the flask. In both these places the cells contained especially large numbers of bacilli, and it seemed that they con stituted particularly favourable sites for the development of the bacilli. Probably the cells were protected from movements of the fluid at these places, so that bacilli liberated by disintegration of a cell would have a good chance of being ingested by another cell before they were washed away; alternatively, bacilli might be favoured by the lower concentration of oxygen which might be expected in such sites. (A low concentration of oxygen is favour able to the survival of trypanosomes in 11;lro and the same may well be the case in the cultivation of iV1. ieprae mltrium). As regards the infectivity of the bacilli found in these flasks, fluid removed from flasks 158 and 163 after 40 days culture was injected into a rat and produced a leproma after an incubation p�riod of 5 months; similarly fluid removed from flasks 152 and 153 after 42 days produced a leproma after a period of 6 months. Discuasion
In the experiments described above, the bacilli of rat leprosy have been maintained in cultures of macrophages for over six weeks. At the end of this time the bacilli appeared numerous and healthy, and they were infective to rats. Judging by the counts they had doubled their numbers in one flask, (even though con siderable quantities had presumably been lost during the changes of nutrient fluid). The following suggestions may be derived from these experiments :-(I) The addition of fresh macropha,ges at suitable intervals permits cultures of this type to be maintained practically indefinitely and the bacilli pass readily from one crop of cells to the next.
(2) A medium containing 40 per cent of serum is beneficial to the cells, and the bacilli can probably multiply in the presence of this amount of serum. It has been reported by Hanks (1952) and Hanks & Gray (1954) that when bacilli are suspended in vitro, their respiration is impaired by substances present in serum; and Hanks has recommended that the presence of any, or of much, serum should be avoided during attempts to grow the bacilli in tissue culture. The above experiments suggest that this view is not wholly correct, as multiplication was probably obtained in the presence of 40 per cent serum. Since the bacilli are contained inside the cells and can pass from one cell to another (during the phagacytosis of degenerate cells by healthy ones) without signifi cant exposure to hypothetical antibacillary substances in the serum, it is probably more important to provide conditions which are favourable to the growth of the cells than to provide those favour able to extracellular survival of bacilli. As intracellular parasites. the leprosy bacilli presumably depend upon the metabolism of the host cell for many important products and processes; and probably the multiplication of the bacilli will not occur unless the metabolism of the host cell is healthy and vigorous.
(3) The growth of the bacilli appears to be favoured by the presence of a thick plasma clot around the cells (see above); it might be advantageous to add fresh layers of plasma at suitable intervals during the maintenance of these cultures.
(4) During experiments of this kind it is important to estimate the number of bacilli removed from the flasks by the frequent changing of fluid medium and especially to examine any small clots which may escape during this procedure .
(5) Extract of lepromatous tissue and mycobactin probably promote the multiplication of the bacilli, although their presence is not essential; they deserve further investigation.
(6) The optimal temperature , whether 37°,3 5°, or 30° should also be investigated, since in vivo the bacilli mult�ply best in the superficial and, therefore, cooler parts of the animal.
(7) Penicillin, e.g. 100 units perrnI., seems not to interfere with the growth of the bacilli and it is certa�nly valuable in pre venting the growth of contaminants .
(8) In the above technique, liquid paraffin was used to facilitate the collection of macrophages from the rat's peritoneum; although such a foreign substance would appear to be disadvantageous to the cells, it is conceivable that globules of paraffin inside the macro phages might promote the multiplication of the bacilli therein.
The cultivation of the bac�llus of rat leprosy is of importance in so far as it may help in the cultivation of the bacillus of human leprosy. Judging by the present experiments it is suggested that in attempts to grow M. leprae a substrate of macrophages should be used, presumably obtained from the blood, and that this should be renewed at suitable intervals by adding fresh cells to the con tainers . It would be essential to count the number of bacilli at the start of the experiment (either before or after addition to the cells) and again at its conclusion. The concentation of serum in the medium should be adjusted so as to favour the survival of the cells, i.e. it should probably be high . A thick jlasma clot surround ing the cells would probably be advantageous ; leproma extract or mycobactin might be advantageous. Even under favourable circum stances the growth of the bacilli seems to be slow, so it would be necessary to maintain the cultures for long periods. Since M. lepI'ae grows as an intracellular parasite in macrophages, and since macro phages can be easily grown in tissue culture, experience with other intracellular parasites suggests that the cultivation of the human leprosy bacillus ought eventually to be possible by a suitable tissue culture technique .
Summary
Attempts were made to grow the bacillus of rat leprosy in tissue culture, using a Carrel flask technique with macrophages from the rat's peritoneum as a substrate. In the most favourable culture the number of bacilli present in a flask doubled during a period of 52 days; in addition an unknown (but probably large ) number of bacilli had been lost during 23 changes of the fluid medium. The microscopic appearances also supported the belief that multiplica tion of the bacilli had occurred in these cultures. After incuba tion for 42 days cultures were still infective to rats. The growth of the bacilli was favoured'by the following factors in the technique: the fluid medium contain 40 per cent serum (horse or rat) to pro mote good growth of the cells; fresh supplies of uninfected macro phages were added as required (every 3-4 weeks) , which would allow such cultures to be maintained indefinitely; a thick plasma cldt around the cells; pI1esence of mycobactin or of extract of leproma.
Other experiments showed that the bacilli doubled in vivo every 13-15 days; very small numbers (nominally 10 bacilli) were enough to infect a rat; most bacilli were killed by drying for I day, but some were not killed until after 8 days; they did not survive in tissue culture media at 35°C. for more than 6 days unless viable cells were present.
